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Introduction {#sec1}
============

The efficient utilization of renewable sunlight to realize solar-chemical conversions is extremely important for modern industry because of the ever-growing energy crisis and environment problems ([@bib2]). Plasmonic metal nanostructures (e.g., Au, Ag, Cu), commonly used active catalyst with intense visible-light-absorbing properties, have attracted great attention for solar energy harvest taking advantages of a specific phenomenon defined as localized surface plasmon resonance (LSPR) ([@bib25]; [@bib10]). LSPR can concentrate the far-field light radiation onto subwavelength-confined space and generate a highly energetic electromagnetic field, producing abundant highly energetic hot carriers (hot electron-hole pairs) and a great deal of local heat (ca. photothermal \[PT\] effect) at the metallic surface ([@bib5], [@bib3]). Because plasmonic metals inherently integrate LSPR and catalytic activities toward certain chemical reactions, their strategic incorporation into photocatalysis has been reported to be a solar-based green method with distinct advantages and promising prospects for converting simple, abundant feedstocks (e.g., water and CO~2~) to value-added chemicals (e.g., hydrogen, hydrocarbons, and oxygenates) under mild conditions ([@bib20], [@bib21], [@bib1]).

In order to unveil the underlying mechanism of LSPR-mediated chemical transformation, how to precisely distinguish the contributions of plasmon-induced hot carriers and PT effect has aroused increasing research attention recently ([@bib23], [@bib27], [@bib26], [@bib18]). By combining electrochemistry with surface-enhanced Raman spectroscopy (SERS), we previously established an effective method to quantitatively calculate the contribution ratio of hot carriers to the whole reactivity enhancement ([@bib19], [@bib20], [@bib21]). Through precise quantification of the hot carrier and thermal contributions, it is manifested that hot carriers could enhance the catalytic activity by promoting either reduction reactions via hot electrons or oxidation reactions via hot holes ([@bib8], [@bib12], [@bib17]).

Despite the encouraging achievements made on the employment of LSPR for solar energy-based catalytic activity enhancement, how to enhance reaction selectivity via LSPR is still very challenging. Among the very limited work reported previously, the main strategy to achieve this goal is to finely tune the excitation wavelength to adapt different reaction energy levels ([@bib20], [@bib21], [@bib11]). For instance, the photoexcitation of LSPR by 580-nm visible light could effectively protect Cu nanoparticles from oxidation and consequently improve the steady-state selectivity greatly in propylene epoxidation on the Cu surface ([@bib11]). Similar wavelength-dependent reaction pathways were also observed for the carbon dioxide hydrogenation ([@bib24], [@bib4], [@bib14], [@bib15]). However, present studies are mainly focused on photocatalytic reactions, whereas using LSPR to alter electrochemical reaction pathways has never been achieved before. This work represents a significant step toward understanding the respective impacts of hot carriers and PT effect on the reaction activity and selectivity, which is anticipated to give some clue for future applications of solar energy to boost the chemical transformation efficiency.

In this work, by employing the electrochemical redox of nitrobenzene (NB) on Au nanoparticles (NPs) as a model, we demonstrate the feasibility of using solar light to enhance both the reaction activity and selectivity and clearly unravel the relevant mechanism. Electrochemistry and SERS are combined to study the kinetics as a function of concentration, temperature, and illumination duration and to distinguish the respective contribution of the LSPR-induced hot carriers and PT effect. It is verified that the instant light illumination displays high catalytic selectivity, increasing the reduction of NB to phenylhydroxylamine (PHA) by ca. 14% yet suppressing the oxidation from PHA to nitrosobenzene (NSB) by ca. 13%. When H^+^ is added as an electron acceptor, the oxidation course of PHA to NSB is hindered by ca. 43%, implying a hot-carriers-involved mechanism for the as-observed catalytic selectivity. *In situ* temperature monitoring by SERS reveals that light illumination up to 30 min can lead to a temperature rise from 23°C to 93°C right at the Au NPs surface, which can further boost the catalytic activity by 56%. This work might shed light on the employment of renewable sunlight for the directional conversion of energy-related chemicals, especially those with complex products.

Results {#sec2}
=======

Light-Induced Enhancement of the Catalytic Activity and Selectivity {#sec2.1}
-------------------------------------------------------------------

Electrochemical characterizations toward NB were first carried out by using 55-nm Au NPs as the working electrode ([Figure S1](#mmc1){ref-type="supplementary-material"}). As shown in [Figures 1](#fig1){ref-type="fig"}A and 1B, the cyclic voltammogram (CV) of NB displays two cathodic peaks (denoted as *R*~*1*~ and *R*~*2*~) and one anodic peak (denoted as *O*~*1*~). According to the literature ([@bib22], [@bib9]), *R*~*2*~ corresponds to the irreversible reduction of NB to PHA through four electron transfer process, whereas the *O*~*1*~/*R*~*1*~ couple is attributed to the reversible electrochemical redox process between PHA and NSB via two electron transfer process, as illustrated in the following equations:$$\left. PhNO_{2} + 4e + 4H^{+}\rightarrow PhNHOH + H_{2}O \right.$$$$\left. PnNHOH\rightleftharpoons PhNO + 2e + 2H^{+} \right.$$where Ph stands for the aromatic group. Such peak assignments are also confirmed by the *in situ* SERS tracking of the electrochemical products at different reaction stages ([Figure S2](#mmc1){ref-type="supplementary-material"}). Note that the *O*~*1*~/*R*~*1*~ peaks only appear in the second scan segment as the reactant of *O*~*1*~ (i.e., PHA) is freshly formed by *R*~*2*~ in the first CV segment (from 0 to −1.0 V) ([Figure S3](#mmc1){ref-type="supplementary-material"}).^21^ The *O*~*1*~ peak current is proportional to the PHA concentration, which positively correlates to the NB concentration. Therefore, both *R*~*2*~ and *O*~*1*~/*R*~*1*~ couple increase with the concentration increase of the NB ([Figure S4](#mmc1){ref-type="supplementary-material"}A), in accordance with the literature ([@bib16], [@bib6]). Moreover, good linear relationships are obtained between the peak current and NB concentration for all these three peaks ([Figure S4](#mmc1){ref-type="supplementary-material"}B--S4D).Figure 1Light-induced enhancement of the redox processes of NB(A) Schematic illustration of the electrochemical redox processes of NB on Au NPs.(B) Influence of instant illumination on different processes in 2 mM NB on Au NPs.(C) The *in situ* SERS of the electrolysis products of 2 mM NB at −0.8 V for 30 s, with (red curve) and without (blue curve) illumination.(D) Influence of illumination time on CVs and the magnification of *O*~*1*~ peak is presented in the inset. pH = 7, scan rate: 50 mV s^−1^.

The light influence on catalytic performance of Au NPs is then investigated by comparing the CVs of NB with and without instant light illumination. When the incident light is instantaneously switched on, the peak current density rise of *R*~*2*~ attains ca.14% ([Figure 1](#fig1){ref-type="fig"}B). *In situ* SERS measurements in [Figure 1](#fig1){ref-type="fig"}C reveal that NB is converted to PHA after 30 s electrolysis at −0.8 V, either with or without illumination, seeing no noticeable differences. It is thus clear that light illumination does not alter the reaction path and the as-observed peak intensity enhancement should be ascribed to the increased production of PHA molecules. Correspondingly, the peak current of *O*~*1*~ is theoretically anticipated to increase since more reactants (PHA) are produced in the first stage. Surprisingly, the *O*~*1*~ peak current declines slightly with instant illumination, indicating that the LSPR effect initiated by instant illumination selectively accelerates the reduction process from NB to PHA but suppresses the oxidation reaction from PHA to NSB. When the light is suddenly chopped, the *R*~*2*~ experiences a decrease, whereas *O*~*1*~ undergoes an increase, resulting in a CV curve overlapped well with the initial one ([Figure 1](#fig1){ref-type="fig"}B). In addition, further extension of light exposure duration persistently facilitates the conversion process of NB to PHA and a chemical equilibrium is achieved after 30 min continuous irradiation ([Figure 1](#fig1){ref-type="fig"}D). To be specific, peak *R*~*2*~ rises gradually with the illumination time extension, keeping stable after 30 min. The *O*~*1*~ process first increases and then decreases, reaching a maximum at 20 min and finally remaining constant after 30 min ([Figure 1](#fig1){ref-type="fig"}D inset).

Contributions of LSPR-Induced Photothermal Effects and Hot Carriers {#sec2.2}
-------------------------------------------------------------------

To figure out the respective roles of hot carriers and PT-effect-induced local heating in LSPR-mediated NB redox processes, it is of great importance to precisely monitor the local temperature variation right at the Au NPs surface. SERS has been demonstrated to be a valid method for *in situ* detection of highly localized temperature with both high sensitivity and accuracy. Herein, we employ 4-methoxyphenyl isocyanide as the thermosensitive probe molecule because the frequency of its N≡C vibration (*ν*~N≡C~) is strongly dependent on temperature in SERS ([@bib7], [@bib19]). As presented in [Figure 2](#fig2){ref-type="fig"}A, the *ν*~N≡C~ experiences a continuous blue shift with the gradual temperature rise from 20°C to 100°C, and a good linear relationship is obtained between its Raman shift and the working temperature ([Figure 2](#fig2){ref-type="fig"}B). As a consequence, the localized temperature elevation induced by illumination at the Au NPs surface could be directly read out from the work plot by measuring the *ν*~N≡C~ in SERS ([Figure 2](#fig2){ref-type="fig"}C). The Au NPs surface temperature gradually increases from 23°C, 24°C, 42°C, 57°C, 82°C, 93°C to 95°C when the illumination times are prolonged from 0, 1, 5, 10, 20, 30 to 45 min ([Figure 2](#fig2){ref-type="fig"}D). Further illumination does not obviously change the surface temperature because of the balance between the PT heating and the heat transfer. Namely, the temperature on the Au NPs almost keeps constant after 30 min illumination.Figure 2Detection of the surface temperature of Au NPs by SERS(A) SERS spectra of ν~N≡C~ on 55 nm Au NPs obtained at a series of temperature, (B) Raman shift of the ν~N≡C~ as a function of temperature, (C) SERS spectra of ν~N≡C~ on Au NPs at different illumination durations, and (D) the corresponding detected temperatures.

The detailed impact of light illumination on the electrochemical behavior of NB can be thus disentangled by correlating the detected localized temperature with the corresponding CV curves. Obviously, the surface temperature of Au NPs hardly changes when the light is immediately switched on, as previously observed on other Au-based SPR nanocatalysts such as Au\@Pt nanorods and Au\@Pd\@Pt NPs.^26,\ 27^ In this case, only hot carriers (electron-hole pairs) are generated via LSPR but the PT effect does not initiate the surface temperature increase yet. Therefore, the as-observed catalytic selectivity in [Figure 1](#fig1){ref-type="fig"}B is merely contributed by the hot carriers at the Au NPs surface. To unravel the influence of PT effect, we further analyze the CV variations with the time lapse afterward. For the *R*~*2*~ peak, a continuous current density increase is observed up to 30 min illumination because of the gradual temperature rise on the Au NPs surface. For the 70% current gain of *R*~*2*~ ([Figure 1](#fig1){ref-type="fig"}D), the contribution ratios of light-induced hot carriers and the PT effect are ca. 14% and ca. 56%, respectively.

When it comes to the impact of PT effect on the *O*~*1*~ process, the situation becomes more complex because the reaction substrate, PHA, is freshly generated via the *R*~*2*~ step ([Figure S3](#mmc1){ref-type="supplementary-material"}). On the one hand, more PHA molecules are accumulated at the Au NPs surface owing to the accelerated R~2~ process by illumination, which is supposed to increase the current peak of *O*~*1*~. On the other hand, heat exchanges with the Au NPs gradually warm up the nearby electrolyte, speed up the mass transfer process, and thereby promote PHA molecules to diffuse away, which is expected to decrease the current peak of *O*~*1*~. Therefore, the final current density is dependent on the competitive results of these two PT-induced contradictory factors. There would be a balance with the time lapse, which perfectly explains the current variation trend that the *O*~*1*~ first increases and then decreases, reaching a maximum at 20 min ([Figure 1](#fig1){ref-type="fig"}D inset). Obviously, the former factor to accumulate PHA plays a leading role during the first 20 min, whereas the latter factor compelling PHA to diffuse away dominates after 20 min light exposure (when the surrounding solution is heated to be hot enough to drive the overwhelming majority of freshly produced PHA to diffuse away). The above-mentioned balance is established after 30 min when the electrode surface temperature attains ca. 93°C, as evidenced by the constant current.

Note that, different from the water bath where all the electrolyte is heated, the temperature rise initiated by PT effect is highly localized in the close vicinity of Au NPs surface instead of the whole bulk solution. The specific heat capacity is 4.2 J/g for water but only 0.13 J/g for gold; therefore, the surrounding water solution is supposed to be warmed up very slowly by the "hot" Au NPs. So, the temperature rise would be localized on the Au NPs surface during the illumination, which would result in a different impact on the mass transfer courses of NB in contrast to the bulk solution temperature rise. To testify this viewpoint, we changed the temperature of the bulk solution or the scan rate to control the mass diffusion courses during the CV measurements. As the bulk electrolyte temperature increases from 30°C to 80°C, a constant decrease of *O*~*1*~ peak is seen ([Figure S5](#mmc1){ref-type="supplementary-material"}). When the scan rate is increased from 50 to 300 mV/s, such decrease trend is greatly suppressed, which should be attributed to the diminished diffusion of PHA at a higher scan rate ([Figure S6](#mmc1){ref-type="supplementary-material"}).

So far, by virtue of *in situ* SERS sensing, we have successfully resolved the contribution ratios of light-induced hot carriers and PT effect to catalytic performance enhancement of the LSPR-mediated NB redox. The hot carrier effect can greatly enhance the selectivity, whereas the PT effect can greatly improve the catalytic activity. That is, instant illumination selectively speeds up the reduction peak *R*~*2*~ but impedes the oxidation process *O*~*1*~ correspondingly. However, it remains mysterious how hot carriers alter the energy barriers of relevant electrochemical reactions and lead to such unique selectivity. We further rely on density functional theory (DFT) calculations to explain the above experimental results.

Mechanism Study of the Enhanced Selectivity by DFT Calculations {#sec2.3}
---------------------------------------------------------------

There are two kinds of hot carriers on the Au NPs surface, the hot electrons and hot holes, respectively. Generally, the hot electrons generated by LSRP deviate away from the electron equilibrium state via the following two channels: (1) recombination with the holes and (2) participation in chemical reactions. In our case, to release their excessive energy, the hot electrons directly participate in the NB electroreduction, which advances the conversion rate of NB to PHA. The depletion of hot electrons by the reactants leaves plenty of hot holes ([@bib13]), making the Au NPs surface positively charged, which is testified to further strengthen the selectivity by DFT simulations.

[Figure 3](#fig3){ref-type="fig"}A presents the energy evolution from NB to PHA on both neutral and positively charged Au NPs surfaces. The positively charged state represents Au NPs with the residual hot holes while hot electrons participate in the reaction, which has been illustrated in detail in the literature.^28^ In terms of the transformation from NB to PHA, the overall reaction energy barrier for positively charged Au NPs is around −3.06 eV, lower than that of Au NPs (−2.97 eV). The lower the energy barrier is, the more easily the reaction can take place. Therefore, the transformation from NB to PHA is enhanced on the positively charged Au NPs surface owing to its smaller energy barrier. Accordingly, it indicates that the positive Au sites, formed by photoexcitation, are the valid active center to further promote the reduction of NB to PHA. By comparison, for the transformation from PHA to NSB in [Figure 3](#fig3){ref-type="fig"}A, the overall reaction energy barrier for positively charged Au NPs is changed from −3.06 to −1.08 eV, exhibiting an energy barrier change of 1.98 eV. For the Au NPs, the energy barrier varies from −2.97 to −1.05 eV, showing an energy barrier change of 1.92 eV. Therefore, the positive Au site, formed by photoexcitation, hinders the transformation from PHA to NSB.Figure 3Theoretical simulation results(A) Energy evolutions from Au-nitrobenzene (Au-PhNO~2~) to Au-phenylhydroxylamine (Au-PhNHOH) in neutral and positively charged systems. (B) Corresponding calculated equilibrium potential for each elementary reaction.

To clarify this viewpoint, we further calculate the corresponding equilibrium potential for each elementary reaction during NB redox, as presented in [Figure 3](#fig3){ref-type="fig"}B. For the reduction from NB to PHA (reaction pathway: ①→②→③→④), ① represents the potential determination step. Obviously, the positively charged Au possesses higher equilibrium potential, which makes the whole reaction much easier in contrast to Au NPs. Conversely, when the oxidation from PHA to NSB is performed (reaction pathway: ④→③), ③ represents the potential determination step, where the positively charged Au exhibits higher equilibrium potential, making the oxidation more difficult to take place. The DFT simulations support our experimental results and validate that the hot carriers initiate the as-observed selectivity.

Our experimental and DFT calculation results enable us to propose a plausible hot-carriers-involved mechanism for the LSPR-induced selectivity toward the electrochemical redox courses of NB. Under instant illumination, the LSPR induces the electron-hole pair separation on the Au NPs. The hot electrons transfer and participate in the transformation from NB to PHA, which facilitates the electroreduction reaction. The corresponding residual holes make the Au NPs positively charged instantly compared with the Au NPs without illumination, which further enhances the electroreduction of NB to PHA. In the case of PHA electrooxidation to NSB, the electron-hole pair separation occurs again under illumination, but the enhanced electron transfer decreases the oxidation process reaction and the corresponding residual holes that make Au NPs positively charged further hinder the reaction. Therefore, the LSPR-induced hot carriers can selectively enhance the electroreduction process of NB to PHA but suppress the electrooxidation process from PHA to NSB, in agreement with the CV in [Figure 1](#fig1){ref-type="fig"}B.

Experimental Verification of the Hot-Carriers-Involved Mechanism {#sec2.4}
----------------------------------------------------------------

To validate the reliability of the proposed mechanism, we then performed a parallel electrochemical test in acidic environment. Herein, H^+^ is employed as a competitive acceptor of hot electrons initiated by illumination. Compared with the system at pH = 7, the hot electrons can be captured more easily at pH = 3, leaving more hot holes at the electrode surface. The Au NPs thus become more positively charged, thereby facilitating the electroreduction of NB to PHA and hindering the oxidation from PHA to NSB. As illustrated in [Figure 4](#fig4){ref-type="fig"}, owing to the instant light illumination, the peak current density of *R*~*2*~ increases from 0.75 to 0.88 mA cm^−2^, whereas O1 declines from 0.28 to 0.16 mA cm^−2^. The instant-light-on thus enhances *R*~*2*~ by ca.17% (slightly higher than that at pH = 7) and suppresses *O*~*1*~ by 43% (substantially higher than that at pH = 7), thereby testifying the hot-carriers-involved mechanism. As expected, such variations are completely reversible when the light is suddenly cut off, which should be attributed to the prompt dynamic of hot-carrier generation/annihilation. This work provides a new train of thoughts for finely tuning the selectivity by plasmonic hot carriers.Figure 4Light-induced enhancement of catalytic selectivity at acidic environmentInfluence of illumination on CVs for Au NPs in 2 mM NB at pH = 3 at room temperature. Scan rate: 50 mV s^−1^.

Discussions {#sec3}
===========

In summary, we have demonstrated that instant illumination initiates high activity and selectivity in plasmon-mediated NB redox on Au NPs, especially boosting the conversion from NB to PHA yet restricting the oxidation of PHA to NSB. At pH 7, the LSPR effect of Au NPs results in 70% conversion efficiency enhancement from NB to PHA, in which hot carriers and PT effect account for 14% and 56%, respectively. Experimental results and DFT simulations reveal that such specific selectivity is conjointly contributed by two factors: (1) the hot electrons transfer to participate in the NB redox; (2) the hot holes left on the Au NPs surface are capable of lowering the energy barrier of the former reaction but elevating that of the latter one. Such hot-carriers-involved mechanism is further experimentally testified by the addition of H^+^ as an exceptional electron acceptor. Consequently, the suppression ratio for PHA-NSB conversion is substantially enlarged from 13% to 43%. This innovative work would give an enlightening clue concerning the future wider applications of solar energy for directional chemical transformation.

Limitations of the Study {#sec3.1}
------------------------

The contribution ratio of the hot carriers and PT to the reaction activity and selectivity might be highly dependent on the wavelength of the incident light for the LSPR-driven electrochemical reactions. Their relationship should be investigated in detail in the future.
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